The geometric and morphometric properties of chillies were determined in the moisture range from 329.44 to 10.24% (dry basis). The chillies shape can be treated as oblong. As the moisture content decreased from 329.44 to 10.24% d.b., the dimensions of the major, medium, and minor axes decreased by 3.77, 5.11, and 4.77% respectively. The mean values of roundness, sphericity, and cylindricity of the chillies decreased by 8.35, 8.05, and 2.61% respectively as the moisture content decreased from 329.44 to 10.24% d.b. One hundred chillies mass were 0.389 and 0.099 kg at the moisture contents of 329.44 and 10.24% d.b. respectively. The bulk density and apparent density decreased linearly and the angle of repose decreased non-linearly with the decrease in moisture content. The porosity decreased non-linearly from 44.37 to 43.15% as the moisture content decreased from 329.44 to 250.21% d.b. and afterwards it increased non-linearly from 43.15 to 51.84% as the moisture content decreased from 250.21 to 10.24% d.b. The static and kinetic coefficients of friction were maximum on mild steel surface followed by galvanised iron, aluminum, stainless steel, and hard board. The static and kinetic coefficients of friction on all the surfaces decreased linearly as the moisture content decreased.
INTRODUCTION
Chillies are the dried ripe fruits of the species of genus Capsicum, which probably comes from the Latin word Capsa, meaning chest or box (the fruit encloses the seeds very neatly, as in a box). The early Aztecs of Mexico called them ''chilli,'' and that name is the most commonly used today around the world, with some variant spellings like chile, chili, chilly etc. [1] They are also called red peppers or capsicums and they constitute an important commercial crop used as a condiment, culinary supplement or as a vegetable. Chillies are cultivated mainly in tropical and subtropical countries namely Africa, India, Japan, Mexico, Turkey, and USA. In India, among the spices consumed (per capita consumption), dried chillies contribute a major share. [2] Chillies are grown practically all over India and it is the largest producer of chillies in the world. During 1996-97, India produced 0.884 MT of chillies from an area of 0.926 M hectares. [3] Fruits attain full maturity around 35 days after anthesis and then fruit color turns from green to red or purple depending on variety. After maturity of fruits, there is a loss of moisture. At full maturity, fruits contain moisture content of nearly 300-400% d.b. depending on whether partially dried on the plant or harvested while still succulent.
The knowledge of geometric and morphometric properties constitutes important and essential engineering data in the design of machines, storage structures, and processes. The value of this basic information is not only important to engineers but also to food scientists, processors, and other scientists who may exploit these properties and find new uses. The size and shape are, for instance, important in their electrostatic separation from undesirable materials and in the development of sizing and grading machinery. [4] The shape of the material is important for an analytical prediction of its drying behavior. [5] Bulk density and porosity are major considerations in designing near-ambient drying and aeration systems, as these properties affect the resistance to airflow of the stored mass. [6] The theories used to predict the structural loads for storage structures have bulk density as a basic parameter. [7] The angle of repose is important in designing the equipment for mass flow and structures for storage. The frictional characteristics are important for the proper design of agricultural product handling equipment.
It seems that there is limited published work relating to moisture dependent geometric and morphometric properties of the chillies. Hence this study was conducted to investigate some properties of chillies, namely, size, shape, roundness, sphericity, cylindricity, 100 chillies mass, bulk density, apparent density, porosity, angle of repose, static coefficient of friction, and kinetic coefficient of friction in the moisture range from 329.44 to 10.24% d.b.
MATERIALS AND METHODS

Raw Material
Freshly harvested red chillies of variety polyster (Coimbatore local) were obtained from the local market. The moisture content of fresh chillies was around 330% d.b. and it was dried up to 10% d.b., which is safe to store the chillies without any spoilage. Hence, nine moisture contents were selected within this range to examine the effect of moisture content on the geometric and morphometric properties of the chillies. The samples for testing at reduced moisture contents were obtained by drying them in a thin-layer drying unit using hot air at 40 AE 2 C and 37-40% relative humidity. The desired moisture content was obtained by drying the sample using the formula:
Drying was continued for different periods to achieve the desired moisture contents in the samples. The moisture content of each sample was determined by using the standard procedure. [8] Size
The size of the chillies was determined by picking fifty chillies randomly and measuring their three principal dimensions (major, medium, and minor, diameters), as followed by others [9] [10] [11] [12] [13] [14] in determining the size of grains, kernels, and seeds. The dimensions were measured by a vernier caliper having a minimum count of 0.01 cm.
The mean diameter of the chillies was calculated by arithmetic mean and geometric mean of the three axial dimensions. The mean diameter was also calculated [11, 14, 15] by considering it as an effective diameter in terms of the 100 chillies mass and the apparent density as:
Shape
The shape of chillies may be expressed as roundness, sphericity, and cylindricity. Roundness measures the sharpness of the corners of the solid where as the sphericity and cylindricity measures the spherical and cylindrical nature of the solid. The roundness, sphericity, [5, 11] and cylindricity of chillies were calculated by tracing the magnified shadowgraphs of 10 chillies in three mutually perpendicular positions for roundness and sphericity and in two mutually perpendicular positions for cylindricity on a graph sheet, with the help of an overhead projector. The projected area, diameters of the largest inscribing and the smallest circumscribing circles and lengths, diameters of the largest inscribing and the smallest circumscribing cylinders of the projected view were measured. A representative of such shadowgraphs are shown in Figs. 1 and 2 . The roundness and sphericity were calculated by using the following formulae: [16] r ¼
and
The smallest circumscribed cylinder volume value was computed by making a rectangle touching maximum number of projected portion of the chilli externally ( Fig. 2 ). The rectangle length and width were taken as the length and diameter of the circumscribed cylinder respectively. The different cylinder volumes were compared for different values of cylinder lengths and diameters and the value of smallest circumscribed cylinder and its corresponding length and diameter were considered for calculation purpose. Similarly, the largest inscribed cylinder volume value and its corresponding length and diameter were computed making a rectangle touching maximum number of projected portion of the chilli internally (Fig. 2 ). The degree of cylindricity can be expressed as The shape of the product was also defined by the descriptive terms prepared for fruits and vegetables. [9] Mass Five samples of 100 chillies from each moisture content were randomly selected and weighed on an electronic balance having least count of 0.01 g. The mean of the mass of 100 chillies at different moisture contents was calculated.
Bulk Density, Apparent Density, and Porosity
The bulk density is the mass of the bulk sample to the volume of the bulk sample. It was determined based on the volume occupied by the bulk sample by filling a 30 cm height container of 20 cm diameter with chillies from a height of 15 cm from top surface of the container and then weighing the chillies. The apparent density can be defined as the ratio of the mass of the individual piece to the volume occupied by the individual piece. It was determined by multi volume pycnometer (Micrometrics Instrument Corporation, Model 1305). During the experiment, the chillies were coated with a very thin layer of epoxy resin adhesive (Araldite) in order to avoid diffusion of air from outside to the inside of the chilli and also to cover the pores on the surface of chillies. Both the densities were determined with five replications. The porosity of the bulk chillies referred in this section is the ratio of the volume of pores in between chillies (excluding volume of open pores inside the chillies) to its bulk volume and was determined as
Angle of Repose
The angle of repose is the angle with the horizontal at which the material will stand when piled. This was determined by using a topless and bottomless cylinder of 30 cm diameter and 50 cm height. The cylinder was placed at the center of a raised circular plate having a diameter of 70 cm and was filled with chillies. The cylinder was raised slowly until it formed a cone on a circular plate. The height of the cone was recorded by using a movable pointer fixed on a stand having the scale of 0.1 cm precision. The angle of repose was calculated using the formula
The experiment was replicated five times with different samples and the average was calculated.
Static and Kinetic Coefficients of Friction
The experimental set up for the determination of static and kinetic coefficients of friction of chillies was similar to the one used in determining static and kinetic coefficients of friction of groundnut kernels [11] and in determining static coefficient of friction of neem nut. [17] The experimental set up ( Fig. 3 ) consisted of a frictionless pulley fitted on a frame, a topless and bottomless box of dimensions 15 cm Â 15 cm Â 15 cm, loading pan and test surfaces. The box was connected by means of a string, parallel to the surface of the material and passed over a frictionless pulley with a pan hanging from it.
The box placed on the test surface was filled with a known quantity of chillies and weights were added to the loading pan until the box began to slide. The static and kinetic coefficients of friction of chillies were calculated by assuming the energy loss over the frictionless pulley and the contact between plastic box and the surface material is negligible. It was also assumed that there was no rotational motion in the chillies during the experiment. The static coefficient of friction was determined using the formula
The kinetic coefficient of friction was determined with the same chillies in the box. Enough weights were placed on the pan so that the box moved uniformly when a slight push was given. It was determined using the formula:
The static and kinetic coefficients of friction were determined at different moisture contents of chillies using different test surfaces namely, hard board, stainless steel, aluminum, galvanised iron, and mild steel with five replications. For each replication, the sample of chillies present in the box was emptied and refilled with fresh sample. The experiment was replicated five times on each test surface and the average was calculated.
RESULTS AND DISCUSSION
Size
The diameters of the chillies along three axes before and after drying are given in Table 1 . From this, it is clear that as the moisture content decreased from 329.44% to 10.24% d.b., the dimensions of the three axes decreased; the major diameter by 3.77%, the medium diameter by 5.11% and the minor diameter by 4.73%. Thus, the contraction is more in the medium diameter and less in the major and minor diameters. Similar types of results were observed in the case of groundnut kernel [11] and soybeans. [18] The mean diameter calculated by arithmetic mean, geometric mean, and by the equivalent sphere method was 2.41, 2.17, and 2.26 cm at the moisture content of 329.44% d.b. and 2.30, 2.07, and 2.14 cm at the moisture content of 10.24% d.b., respectively. The mean diameter of chillies calculated by the geometric mean and the equivalent sphere methods at all the moisture contents are almost same compared to the arithmetic method (Table 1) . Hence, either the geometric mean or the equivalent sphere method can be used to calculate the mean diameter of the chillies.
Roundness, Sphericity, and Cylindricity
The mean value of roundness was 59% and 54% and sphericity was 61% and 56% at the moisture contents of 329.44% and 10.24% d.b., respectively ( Table 2 ). The roundness and sphericity of the chillies decreased by 8.35% and 8.05%, respectively as the moisture content decreased from 329.44% to 10.24% d.b. The shape of the chillies was compared with the standard chart [9] and treated as oblong as its vertical diameter is greater than the horizontal diameter. The mean value of cylindricity was 69% and 67% at the moisture content of 329.44 and 10.24% d.b., respectively and its value decreased by only 2.61% as the moisture content decreased. As the chillies cylindricity value (69%) was more than the sphericity value (61%), the chillies shape can be considered as cylinder for all the practical purposes.
One Hundred Chillies Mass
One hundred chillies mass was 0.3893 kg and 0.0999 kg at the moisture contents of 329.44% and 10.24% d.b., respectively ( Table 3) . One hundred chillies mass was found to decrease with the decrease of moisture content as shown in Fig. 4 . Similar trends have been reported for pigeon pea, [10] gram, [5] and guna seeds. [14] Theoretically, the one hundred chillies mass should exhibit the following relationship with the moisture content whereas the observed relationship is
with a R 2 value of 1.
Bulk Density
The bulk density decreased from 370.56 to 90.01 kg=m 3 when the moisture content decreased from 329.44% to 10.24% d.b., respectively ( Table 3 ). The decrease in bulk densities with decrease in moisture contents (Fig. 5 ) indicates that the decrease in weight owing to moisture loss in the sample is greater than the accompanying volumetric contraction of the bulk. Similar trends have been reported for pistachio seed, [19] pumpkin seed and kernel, [20] karingda seed and kernel, [21] and coffee parchments. [13] The variation in bulk density (r b ) was found to be linear with the moisture content (M) and can be represented by the following regression equation.
with a R 2 value of 0.99.
Apparent Density
The apparent density decreased from 666.20 to 187.00 kg=m 3 when the moisture content decreased from 329.44 to 10.24% d.b., respectively ( Table 3 ). The decrease in apparent densities with decrease in moisture contents (Fig. 5 ) indicates that the decrease in weight owing to moisture loss in the chillies is greater than the volumetric contraction of the individual chillies. The variation of apparent density (r a ) was found to be linear with the moisture content (M) and can be represented by the following regression equation.
with a R 2 value of 0.99. The experimentally observed data on apparent and bulk densities resulted in:
Porosity
The porosity calculated for relevant experimental data (Table 3 ) revealed that the porosity decreased non-linearly from 44.37% to 43.15% as the moisture content decreased from 329.44% to 250.21% d.b. and afterwards it increased non-linearly from 43.15% to 51.84% as the moisture content decreased from 250.21% to 10.24% d.b. (Fig. 6 ). It was reported that the porosity increased with the decreased moisture content in the case of soybean, [12] pumpkin seed [20] karingda seed and kernel [21] neem nut, [17] coffee parchment, [13] melon seed [22] but decreased in the case of guna seeds. [14] The relationship existing between porosity (e) and moisture content (M) is linear and can be expressed by regression equation: e ¼ 0:0001M 2 À 0:0678M þ 51:46 (17) with a R 2 value of 0.93. 
Angle of Repose
Experimentally determined values of angle of repose (Table 3) are plotted against moisture content as shown in Fig. 6 . From this it is observed that the angle of repose decreased from 33.44 to 30.74 as the chillies moisture content decreased from 329.44 to 10.24% d.b., respectively. Similar type of result was reported in the case of groundnut kernels. [11] The relationship existing between angle of repose (y) and moisture content (M) is non-linear and can be expressed as y ¼ À0:00003M 2 þ 0:0185M þ 30:55 (18) with a R 2 value of 1.
Static and Kinetic Coefficients of Friction
The effects of moisture content and surface nature of materials on the static and kinetic coefficients of friction of chillies are shown in Figs. 7 and 8 . The static coefficient of friction on the hard board surface varied from 0.433 to 0.303, on the stainless steel from 0.488 to 0.371, on the aluminum from 0.527 to 0.418, on the galvanised iron from 0.558 to 0.470 and on the mild steel from 0.591 to 0.497; while the kinetic coefficient of friction on the hard board surface varied from 0.401 to 0.273, on the stainless steel from 0.461 to 0.325, on the aluminum from 0.503 to 0.397, on the galvanised iron from 0.529 to 0.435 and on the mild steel from 0.563 to 0.468 for moisture contents between 329.44 and 10.24% d.b., respectively. The static coefficient of friction at any moisture content is higher than the kinetic coefficient of friction (Table 4 ). Similar type of result was quoted in the case of groundnut kernels [11] and soybeans, red kidney beans, unshelled peanuts. [23] The maximum static and kinetic coefficients of friction were noticed on mild steel surface, followed by galvanised iron, aluminum, stainless steel, and hard board surfaces. The maximum coefficient of friction was also noticed with coffee beans in the case of mild steel surface, followed by galvanised iron, aluminum, and stainless steel surfaces, at all moisture contents. [13] All the static and kinetic coefficients of friction decreased linearly in the moisture range of 329.44-10.24% d.b. Similar trends have been reported for soybeans, red kidney beans, unshelled peanuts, [23] groundnut kernels, [11] and lentil seeds. [24] The regression equations for both static and kinetic coefficients of friction on different surfaces can be expressed as
The regression coefficients and coefficients of determination for static and kinetic coefficients of friction on various surfaces are given in Table 5 .
CONCLUSIONS
The investigation of various geometric and morphometric properties of the chillies revealed the following. The dimensions of the chillies decreased as the moisture content decreased from 329.44% to 10.24% d.b.; the major axis by 3.77%, the medium axis by 5.11%, and the minor axis by 4.77%. The chillies shape can be treated as oblong. As the chillies cylindricity value (68.9%) was more than the sphericity value (60.9%), the chillies shape can be considered as cylinder for all practical purposes. The bulk density and apparent density decreased linearly and the angle of repose decreased non-linearly with the decrease in moisture content. The porosity decreased non-linearly within the moisture range of 329.44-250.21% d.b. and afterwards it increased non-linearly within the moisture range of 250.21-10.24% d.b. The static and kinetic coefficients of friction were more on mild steel surface followed by galvanised iron, aluminum, stainless steel, and hard board. The static and kinetic coefficients of friction on all the surfaces decreased linearly as the moisture content decreased. The static coefficient of friction 
